Controlling microbial contamination of drinking water is critical to public health. However, understanding of the microbial ecology of drinking water remains incomplete. Representing the first application of high-throughput sequencing in drinking water microbiology, the objective of this study is to evaluate pyrosequencing as a high-throughput technique for the characterization of bacterial diversity in drinking water in comparison with conventional clone library analysis. Pyrosequencing and clone library analysis were performed in parallel to study the bacterial community composition in drinking water samples following the concentration of microbial biomass in drinking water with ultrafiltration. Validated by clone library analysis, pyrosequencing was confirmed as a highly efficient deep-sequencing technique to characterize the bacterial diversity in drinking water. Sequences of Alphaproteobacteria and Betaproteobacteria dominated the bacterial community in drinking water with Oxalobacteraceae and Methylobacteriaceae as the most abundant bacterial families, which is consistent with the prominent abundance of these populations frequently detected in various freshwater environments where source waters originate. Bacterial populations represented by the most abundant sequences in drinking water were closely related to cultures of metabolically versatile bacterial taxa widely distributed in the environment, suggesting a potential link between environmental distribution, metabolic characteristics, and abundance in drinking water.
INTRODUCTION
The supply of safe drinking water is critical to public health.
One of the most important challenges in drinking water supply is the control of microbial contamination. Despite the use of a suite of treatment processes including filtration and disinfection in water utilities, a small number of microorganisms remain present in treated water. Some of these microorganisms may be involved in microbially mediated corrosion and nitrification in water distribution systems, while others could be potentially pathogenic, presenting a poorly-understood public health risk (Berry et al. ) .
Data on waterborne disease outbreaks suggest that drinking water continues to be one of the most important media for infectious diseases worldwide (Ford ) . Therefore, to develop effective control strategies and perform accurate risk assessment for microbial contamination in drinking water, it is necessary to gain a more complete understanding of the ecology of microorganisms in drinking water (Szewzyk et al. ) . techniques present a major challenge to studying the entire dimension of microbial diversity using these methods, as population richness readily surpasses hundreds of phylotypes in drinking water (Poitelon et al. ) .
The emergence of next-generation DNA sequencing technologies, with its high-throughput DNA sequencing capacity (Huse et al. ) , provides a unique opportunity to probe the potentially large bacterial diversity in drinking water. However, no application of high-throughput sequencing has been reported for the characterization of drinking water microbial communities. Therefore, in order to gain a more complete understanding of the ecology of microorganisms in drinking water, the objective of this study is to investigate the potential application of high-throughput pyrosequencing for the characterization of the bacterial populations in drinking water. This study, the first application of pyrosequencing in drinking water, confirmed the validity of pyrosequencing as a valuable technique to characterize drinking water bacterial community composition with direct comparisons between pyrosequencing and conventional clone library analysis.
MATERIALS AND METHODS

Water sample collection and handling
Two drinking water samples were used for the side-by-side comparison of pyrosequencing and clone library analysis in this study. Bulk drinking water samples were collected from the same faucet in the Environmental Engineering Laboratory on the campus of the University of Tennessee at Knoxville in December 2009 and June 2010, hereafter referred to as sample DWI and DWII, respectively. The water was supplied by a conventional water treatment plant with coagulation, rapid sand filtration, and chlorination. For each bulk water sampling, 150 L of tap water was collected and sealed in sterile polyethylene carboys following flushing of the faucet for 10 minutes at maximum
flow. An aliquot of the collected bulk water was taken for water quality analysis. The water samples were subsequently dechlorinated by the addition of sodium thiosulfate to a final concentration of 50 mg/L as previously described (Hill et al. ) . Sodium polyphosphate was added to each water sample to a final concentration of 0.01% (w/v) as the dispersant for further processing.
Water quality analysis
Water quality analysis was performed for pH, turbidity, conductivity, free chlorine, total organic carbon (TOC), sulfate, nitrate, and chloride (Table 1) 
Collection of microbial biomass by ultrafiltration
Microorganisms in drinking water were concentrated with a tangential-flow ultrafiltration system configured, prepared, followed by pelleting at 17,000 × g at 4 W C for 10 min. The pellets were immediately frozen at À80 W C for subsequent nucleic acids extraction.
Pyrosequencing of bacterial populations in drinking water
Pyrosequencing of the 16S rRNA gene amplicon libraries was performed to characterize the bacterial diversity in drinking water following whole community DNA extraction and purification using a previously described method 
Analysis of clone library results
Partial 16S 
Characteristics of bacterial community composition
Given the greater depth of coverage provided by pyrosequencing, the 16S rRNA gene sequences recovered from pyrosequencing were used for the characterization of the bacterial community in the drinking water samples. These sequences were distributed into six bacterial phyla, with the majority (94.8%) representing Proteobacteria (Figure 3(a) ).
Actinobacteria was the distant second in abundance, accounting for 3.2% of the sequences. Firmicutes was used as the source water for drinking water treatment in these studies on drinking water bacterial diversity, the similar pattern of Proteobacteria dominance points to a potential link between source water and drinking water.
Indeed, evidence from a study comparing the bacterial community compositions in source water and finished water suggests that the microbial community in source water had significant influence on that of the drinking water (Eichler Additionally, Caulobacter is well known to be capable of surface attachment and biofilm formation (Entcheva-Dimitrov & Spormann ), providing another potential mechanism facilitating the existence of these bacteria in drinking water systems. Sequences recovered in this study were also found to share >99% identity with those of two sphingomonads, Novosphingobium stygium and Sphingomonas asaccharolytica (Figure 4) .
Surprisingly, no sequences found by pyrosequencing or clone library belonged to common microbial indicators used in drinking water quality monitoring, suggesting that the treatment process was very effective in the removal and inactivation of known pathogenic microorganisms.
However, the detection of a diversity of many other bacterial populations in drinking water with significant free chlorine residual (>2.0 mg/L; In conclusion, bacterial populations highly represented in drinking water appear to share common features of broad distribution in the environment, versatility in substrate utilization, and potential in biofilm formation. Thus, the observation that quantitatively important bacterial populations in drinking water were frequently related to members of metabolically versatile bacterial taxa widely distributed in the environment suggests a potential link between environmental distribution, metabolic characteristics, and abundance in drinking water. As source water is the most relevant entry point for microorganisms in the environment, the microbiological quality of drinking water could be impacted by source water management practices. However, the contribution of source water to the microbial community in finished water needs to be further evaluated by comparing the bacterial communities between source water and finished water in various drinking water treatment systems.
CONCLUSIONS
This study represents the first application of high-throughput sequencing in drinking water microbiology in the literature.
Validated by clone library analysis, pyrosequencing was confirmed as a highly efficient deep-sequencing technique to characterize the bacterial diversity in drinking water.
Sequences of Alphaproteobacteria and Betaproteobacteria dominated the bacterial community in drinking water, which is consistent with the prominent abundance of these populations frequently detected in various freshwater environments where source waters originate. Bacterial populations represented by the most abundant sequences in drinking water were closely related to cultures including Methylobacterium radiotolerans, Massilia brevitalea, and
Caulobacter segnis, which were shown to be frequently related to members of metabolically versatile bacterial taxa widely distributed in the environment, suggesting a potential link between environmental distribution, metabolic characteristics, and abundance in drinking water. Further, the revelation of significant temporal dynamics in microbial community composition suggests that a more comprehensive understanding of the microbial populations existing in drinking water requires more frequent sampling with cultivation-independent microbial ecology techniques. More importantly, the identification of sequences unrelated to common microbial indicators demonstrates the presence of yet-to-be-characterized disinfectant-resistant microbial risks in drinking water, suggesting the importance of developing additional microbial indicators and techniques for the monitoring of these microbial risks.
